We studied the time courses of the number of osteoclasts, the expression of osteoblast differentiation markers and TGF-β1 levels in the platelet-poor plasma (PPP) in order to clarify the mechanism of pegylated recombinant human megakaryocyte growth and development factor (PEG-rHuMGDF)-induced bone formation in the mouse. Mice received PEG-rHuMGDF subcutaneously at a suprapharmacological dose (1.0 mg/kg) daily for 5 days (Day of the first injection: Day 1). PEG-rHuMGDF caused a gradual increase of platelet count, with a maximum increase on day 9. Histological analysis showed an increase of reticulin fibers on the inner side of endosteum on day 9, partial osteoid formation on day 11, new and excessive bone formation on day 13. On day 9, at the early stage of reticulin fiber increase, the number of osteoclasts was decreased. On day 11, osteopontin (OPN) mRNA-expression, a marker of osteoblast production, was observed in the reticulin fiber and osteoid near the substantia of bone marrow, whereas OPN mRNA-expressing cells did not express bone Gla protein (BGP) mRNA, a marker of osteoblasts, indicating that the expression of OPN mRNA was induced earlier than that of BGP mRNA during the course of osteogenesis. Additionally, the level of TGF-β1 in the PPP was increased, with about 2.5-fold elevation compared with the vehicle-treated mice at day 9. These findings suggest that PEG-rHuMGDF causes increase of reticulin fibers and osteogenesis by stimulating osteoblast differentiation and inhibiting osteoclast differentiation via an increase of the TGF-β1 level in the bone marrow. (J T oxicol Pathol 2001; 14: 113-120) 
Introduction
Pegylated recombinant human megakaryocyte growth and development factor (PEG-rHuMGDF) is a recombinant pegylated truncated c-Mpl ligand [1] [2] [3] [4] . PEG-rHuMGDF has been reported to cause an increase of the circulating platelet count in normal mice, normal rats, and rhesus monkey 1, [5] [6] [7] and be effective on some experimental animal models of thrombocytopenia [8] [9] [10] [11] [12] . Therefore, PEG-rHuMGDF is expected to be effective on some clinical thrombocytopenia. However, the suprapharmacological dose of PEGrHuMGDF is also reported to cause reversible bone formation following myelofibrosis in normal rats and PEGrHuMGDF-overexpressing mice 5, [13] [14] [15] . The maintenance of bone mass is determined by a balance of the rates between bone formation and bone resorption. In regard to bone formation, it is generally considered that osteoblasts are differentiated from precursor cells derived from preosteoblasts, which are in turn derived from undifferentiated mesenchymal cells [16] [17] [18] . On the other hand, osteoclasts function in bone resorption in the bone marrow, and are differentiated through monocyte-lineage from hematopoietic stem cells.
Several investigators have hypothesized that growth factors derived from megakaryocytes, such as transforming growth factor-β1 (TGF-β1) and platelet-derived growth factor (PDGF), are responsible for the pathogenesis of idiopathic myelofibrosis [19] [20] [21] . In our previous study, PEGrHuMGDF caused a marked increase of the TGF-β1 level in the bone marrow in association with the induction of myelofibrosis in the normal rats 5 . Several in vivo studies have demonstrated that TGF-β1 promotes an increase of proliferation of periosteal osteoblast precursor cells and formation of new woven bone 22 . And, recent reports have demonstrated that PEG-rHuMGDF caused inhibition of osteoclastogenesis via the induction of TGF-β1 and PDGF in vitro 23 .
In this study, we tried to clear the mechanism of bone formation in PEG-rHuMGDF-treated mice. We presumed that PEG-rHuMGDF changes the balance of the rate between bone formation and resorption by inducing the increase of TGF-β1 levels in the bone marrow. Therefore, we examined the number of osteoclasts and the gene expression of osteoblast differentiation markers in the mice during PEG-rHuMGDF-induced bone development. In addition, we also measured the TGF-β1 levels in the plasma to determine whether TGF-β1 derived from megakaryocytes might play an important role in the bone marrow.
Materials and Methods

MGDF reagents
rHuMGDF was expressed in E.coli, purified to homogeneity and derivitized with polyethylene glycol. PEG-rHuMGDF was produced in our laboratory and AMGEN Inc (Thousand Oaks, CA).
Animal
Male BALB/c mice were used in this study. They had access to food and water ad libitum, and were housed in a barriered room at the Kirin Vivarium under pathogen-free conditions (room temperature, 20-25°C; relative humidity, 40-70%; air changes, 10-15 times/hour; 12 h-light/12-dark cycle). This study was conducted in accordance with the Animal Welfare Guidelines in Japan and the Index of Experiments with Animals in the Kirin Brewery Co., Ltd.
Platelet counts
About ten-week-old male mice (n=60) weighing approximately 26-30 g (Charles River Japan, Tsukuba, Japan) were used. The mice were divided into two groups (n=30 each) and PEG-rHuMGDF at a dose of 1.0 mg/kg or vehicle was subcutaneously administered daily for 5 days (Day of the first injection: day 1). The mice (n=5) were then killed on days 1, 7, 9, 11, 13, and 15 after the first injection. Each mouse was anesthetized with ether and peripheral blood was collected from the posterior vena cava.
The blood obtained was transferred into a blood collection tube containing EDTA-2K. The blood was diluted with Cellpack diluent (Toa Medical Electronics, Kobe, Japan) according to the increase in the platelet count. The peripheral platelet count was determined with a Sysmex cell counter (E-2000, Toa).
The dose and duration of PEG-rHuMGDF treatment to the mice were determined according to the results of our preliminary study. PEG-rHuMGDF caused a significant increase of platelet count in normal mice at a dose of 1µg/kg without inducing bone formation 11 . In the present study, PEG-rHuMGDF at a suprapharmacological dose (1.0 mg/ kg) was administered to induce bone formation in the bone marrow.
TGF-β1 determination
About nine-week-old male mice (n=50) weighing approximately 24-28 g (Charles River Japan, Tsukuba, Japan) were used. The mice were divided into two groups (n=25 each), and PEG-rHuMGDF at a dose of 1.0 mg/kg or vehicle was subcutaneously administered daily for 5 days (day of the first injection: day 1). The mice (n=5) were then killed on days 7, 9, 11, 13, and 15 after the first injection. Each mouse was anesthetized with ether and peripheral blood was collected from the posterior vena cava Platelet-poor plasma (PPP) was prepared as described elsewhere [24] [25] . Briefly, plasma was prepared from whole blood anticoagulated with heparin-Na by centrifugation at 1,000 g for 30 min. PPP was then obtained from the plasma by centrifugation at 10,000 g for 10 min.
Latent TGF-β1 in the samples was activated to an immunoreactive form by acetic acid/urea treatment and TGF-β1 levels were then measured. The TGF-β1 levels in the PPP were measured by an immunoassay using a human TGF-β1 immunoassay kit (Genzyme, Basel, Switzerland) as described elsewhere 26 .
In situ hybridization & histology
Animals: About ten-week-old male mice (n=25) weighing approximately 24-26 g (Charles River Japan, Tsukuba, Japan) were used. The mice were divided into two groups (PEG-rHuMGDF-group and non-treated-group). The mice of PEG-rHuMGDF-group (n=20) received PEGrHuMGDF injection at a dose of 1.0 mg/kg subcutaneously daily for 5 days (Day of the first injection: day 1) and were then killed on days 9, 11, 13, and 15 after the first injection (each day: n=5). The mice of non-treated-group (n=5) were not administered any injection and were killed on day 15. Each mouse was anesthetized with ether and fixed by perfusion with 4% paraformaldehyde/0.5% glutaraldehyde solution in phosphate buffer.
Tissue sections: After fixation, the femurs were decalcified by treatment with 10% EDTA for 5 days. They were then embedded in paraffin and cut to prepare 1 µm longitudinal sections. These sections were then transferred to poly-L-lysine-coated glass slides, deparaffinized, and further treated for histological and in situ hybridization analyses as described below.
Histological analysis and quantification of osteoclasts: Sections were stained with hematoxylin and eosin and by Watanabe's silver stain method. Tartaric acid resistant acid phosphatase (TRAP) staining was performed to identify osteoclasts. The cells showing a positive reaction to TRAP staining were considered to be osteoclasts. For the quantitative evaluation of osteoclasts, TRAP-positive cell counts were measured in a 5.2 mm 2 area of the epiphysis in the bone marrow using the morphometric analysis system Mac Scope (MITANI CORPORATION, Fukui, Japan).
RNA probes: Both antisense and sense (control) digoxigenin-11-UTP-labeled single-stranded RNA probes were prepared using a DIG RNA labeling kit (Boehringer Mannheim GmbH Biochemica, Mannheim, Germany) according to the manufacture's instruction. For generation of the mouse osteopontin probe, a 591-bp fragment of OPN cDNA obtained by RT-PCR was subcloned into pUC plasmid. The plasmid was either linearized with HindIII and transcribed with T7 RNA polymerase to generate a 591-bplong antisense (cRNA) probe, or linearized with Bam HI and transcribed with SP6 RNA polymerase to generate a sense probe.
In situ hybridization: The in situ hybridization technique has been described previously 27 . Hybridization of OPN and BGP mRNAs was performed at 50°C for 16 hours using digoxigenin-UTP-labeled RNA probes, and the signals were detected by NB T and BCI P. For contro ls, hybridization was performed with the sense probes. The control hybridizations showed no detectable signals.
Statistical analysis
The results are presented as mean ± standard deviation (SD). The data was analyzed with the two-tailed student's t-test.
Results
Platelet counts
The treatment of PEG-rHuMGDF at a dose of 1.0 mg/ kg caused a gradual increase of platelet counts by about 5 times compared with the vehicle-treated mice at day 9. Platelet count of PEG-rHuMGDF-treated mice was still higher than that of vehicle-treated mice at day 15 ( Fig. 1) .
TGF-β1 levels in the PPP
Treatment with PEG-rHuMGDF transiently increased the levels of TGF-β1 in the PPP with a peak elevation of about 2.5-fold compared with the level in the vehicle-treated mice at day 9. TGF-β1 levels of PEG-rHuMGDF-treated mice began to decrease from day 11, and reached control levels at day 15 (Fig. 2) .
In situ hybridization & histology
Histological changes: In PEG-rHuMGDF-treated mice, an increase of reticulin fibers on the inner side of the endosteum and megakaryocyte hyperplasia were observed on day 9. Reticulin fibers were expanded between substantia, and partial osteoid formation was seen along substantia on day 11 when megakaryocyte hyperplasia was not seen. New and excessive bone formation was seen on day 13, and this new and excessive bone began to be absorbed starting on day 15 ( Fig. 3) (Table 1) .
Osteoclast numbers in the bone marrow: TRAP staining showed that PEG-rHuMGDF caused a decrease of the number of TRAP-positive cells on day 9 compared with non-treated mice. On the other hand, the number of TRAPpositive cells in the PEG-rHuMGDF-treated mice was greater than that in the non-treated mice on day 15, when the new and excessive bone began to be absorbed (Fig. 4) .
Expression of bone differentiation markers: On day 9, at the early stage of reticulin fiber increase, osteoblasts at the endosteum (lining osteoblasts) expressed OPN mRNA and BGP mRNA. On the other hand, the cells involved in Each point represents the mean ± SD (n=5). Data were analyzed by the two-tailed Student's t-test. ** P<0.01, *** P<0.001 compared with vehicle-treated. 
Fig. 3. Histological changes of the bone marrow of non-treated mice (A) or PEG-rHuMGDF-treated mice (B-F
). An increase of reticulin fibers (arrows) and megakaryocyte hyperplasia are observed on day 9 (B, C). Reticulin fibers are expanded between substantia (arrows), and partial osteoid formation is seen along substantia on day 11 (arrowheads) (D, E). New and excessive bone formation is seen on day 13 (arrows) (F). (C and E: Watanabe's silver stain) × 400.
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producing reticulin fibers did not express OPN mRNA or BGP mRNA. On day 11, at the stage involving reticulin fiber increase and osteoid formation, the cells producing reticulin fibers and forming osteoid expressed OPN mRNA, but not BGP mRNA. Osteoblasts around the trabeculae expressed OPN mRNA and BGP mRNA on day 11. On day 15, the cells of newly and excessively formed bone expressed both OPN mRNA and BGP mRNA (Fig. 5 ).
Discussion
The suprapharmacological dose of PEG-rHuMGDF caused myelofibrosis and osteogenesis in mouse bone marrow in the present study, and the following results were obtained in PEG-rHuMGDF-treated mice: 1) The number of osteoclasts decreased, 2) expression of OPN mRNA in the cells producing reticulin fibers and forming osteoid was induced earlier than that of BGP mRNA in the bone marrow during the course of osteogenesis, particularly on day 11, and 3) the TGF-β1 level in the platelet-poor plasma of PEGrHuMGDF-treated mice was higher than that of vehicletreated mice.
In the present study, a decrease in osteoclast counts was observed concurrent with an increase of TGF-β1 level in the PPP and megakaryocyte hyperplasia on day 9 in PEGrHuMGDF-treated mice. PEG-rHuMGDF is reported to inhibit osteoclastogenesis in vitro through the induction of TGF-β1 23 . PEG-rHuMGDF is also known to increase TGF-β1 levels derived from megakaryocytes in the bone marrow. Therefore, the decrease of osteoclast counts in PEGrHuMGDF-treated mice may be based on an increase of TGF-β1 levels induced by megakaryopoiesis. The mechanism of bone resorption is considered that osteoclasts increase to remove excessive bone induced by PEGrHuMGDF in accordance with decrease of TGF-β1 levels.
There is growing evidence to suggest that the genes commonly associated with defining the osteoblastic phenotype, such as the gene for type I collagen, osteocalcin, osteopontin, and alkaline phosphatase, may be expressed in a specific developmental sequence 28 . It is known that in skull formation of rats, the mRNAs for collagen, OPN, and BGP are expressed in that order, and that the differentiation markers appear in the order of collagen, OPN, and BGP during the differentiation from preoste oblasts to osteoblasts 29 . In the present study, the expression of OPN mRNA was observed earlier than that of BGP mRNA, particularly on day 11, suggesting that preosteoblasts or undifferentiated mesenchymal cells differentiated to form bone. Because several in vivo studies have demonstrated that TGF-β1 promotes the proliferation of periosteal osteoblast precursor cells and formation of new woven bone 22 , 30 -3 3 , undifferentiated mesenchymal cells or preosteoblasts in the bone marrow might be induced to differentiate into osteoblasts by the increased level of TGF-β1 derived from megakaryocytes in the bone marrow.
In our previous study of rats, PEG-rHuMGDF caused the increases of the TGF-β1 level in the PPP, bone marrow fluid, and whole-bone extracts 5 . Since similar results were observed in PPP in the present study, it is probable that an increase of TGF-β1 level also occurred in the bone marrow of the PEG-rHuMGDF-treated mice. We focused TGF-β1 on PEG-rHuMGDF-inducing bone formation. Only TGF-β1 but also several factors regulate the development of Increase In situ hybridization analysis of the OPN and BGP mRNA expression using digoxigenin-11-UTP-labeled single-stranded RNA probes. Osteoblasts at the endosteum express OPN mRNA (arrows) (A) and BGP mRNA (arrows) (B), whereas the cells involved in producing reticulin fibers do not express OPN mRNA or BGP mRNA (arrowheads). On day 11, the cells producing reticulin fibers and forming osteoid express OPN mRNA (arrows) (D), but not BGP mRNA (arrows) (E), whereas osteoblasts around the trabeculae express OPN mRNA and BGP mRNA (arrowheads). (C: Watanabe's silver stain preparation on day 11) × 400. E D A B C myelofibrosis and osteogenesis. Especially, PDGF and platelet factor 4 (PF4) which are located in alpha-granules of megakaryocytes, are hypothesized to be responsible for the pathogenesis of idiopathic myelofibrosis [19] [20] [21] . PDGF is an effective mitogen for fibroblasts [34] [35] , whereas PF4 inhibits collagenase activity 36 . We preliminarily examined PDGF-AB levels in the PPP by using ELISA kit in this study, but the increase of PDGF-AB levels was not seen against our expectation (data not shown).
Although the effective dose of PEG-rHuMGDF in mice is similar to that of rats (about 1.0 µg/kg) 5, 11 , bone formation is seen at higher doses on mice (1.0 mg/kg) compared with rats (0.1 mg/kg) 8 . Similarly, PEG-rHuMGDF causes higher elevation of TGF-β1 levels in rats than in mice 5 . It is probable that there is a difference between rats and mice in TGF-β1 levels that megakaryocyte contains in alphagranules.
In conclusion, it is probable that PEG-rHuMGDF induced osteogenesis and inhibited osteoclastogenesis via elevated level of TGF-β1 in the bone marrow. Therefore, PEG-rHuMGDF caused bone formation by changing the rate between bone resorption and bone formation.
